The MACHO variables of LMC Field 77 that lie in the vicinity of the Cepheid instability strip are reexamined. Among the 144 variables that we identify as Cepheids we find 14 that have (semi-) amplitudes < 0.05 mag, of which 7 have an amplitude < 0.006 mag : we dub the latter group of stars ultra-low amplitude (ULA) Cepheids. The variability of these objects is verified by a comparison of the MACHO red with the MACHO blue lightcurves and with those of the corresponding OGLE LMC stars. The presence of ULA Cepheids is in agreement with theory. We have also discovered two low amplitude variables whose periods are about a factor of 5-6 smaller than those of F Cepheids of equal luminosity. We suggest that these objects are Cepheids undergoing pulsations in a surface mode and that they belong to a novel class of Strange Cepheids whose existence was predicted by Buchler et al. (1996).
INTRODUCTION
The MACHO, EROS and OGLE data of the Large Magellan Cloud (LMC) have already been searched for variables, and in particular classical Cepheid variables (e.g., Beaulieu et al. (1995) , Welch et al. (1995) , Udalksi et al. (1999) , Kanbur et al. (2003) ). The lowest reported amplitudes in these analyses have been around 0.01 mag. Our purpose for redoing such an analysis is to detect as many Cepheids as possible, with particular emphasis on those with very small pulsation amplitudes. Such low amplitude stars are expected from an evolutionary point of view, either just ramping up their amplitudes after entering the instability strip, or decaying after exiting the strip. More details will be given in the discussion. We find that the MACHO and OGLE data are accurate enough to go down to several milli-magnitude pulsations.
We have examined the 636 MACHO stars of Field 77 in a parallelipiped in the HR diagram defined by 14 < V < 16 and 17.64 < V + 16.39 (V − R c ) < 19.28. The conversion from MACHO blue magnitude (M B ) and red magnitude (M R ) to Johnson V and Cousins R c is given in Alcock et al. (1999) . This region was chosen by visual inspection to include the instability strip and colors 0.15 blueward and redward. It contains a mixture of non-oscillatory giants of spectral type F, and variable stars such as Cepheids, W Vir stars, and ellipsoidal variables (binaries).
Fourier analysis is known to be very good at detecting periodicity in datasets even in the presence of large noise. We have performed a Fourier analysis of the MACHO M R and M B datasets of the 636 objects with MUFRAN (multi-frequency analysis, Kolláth 1990 ) in the frequency range 0.02 -0.98 d −1 . We first reduced the set of objects to those in which there are coincidences among the 8 largest Fourier peaks in MA-CHO M R and M B . For the usual, large amplitude Cepheids the peaks are extremely sharp and these Cepheids are thus readily identified. Interestingly, there are a number of objects for which the peaks are not very pronounced, but nevertheless there are coincidences among the highest Fourier peaks. Each of these cases has had to be examined individually to ascertain that the detected variability is not spurious. Independently, we have used the Phase Dispersion Minimization routine PDM in IRAF (Stellingwerf 1978) to confirm the detected common MUFRAN frequency.
How can we be sure that the detected variability is real? One of the tests already mentioned is to compare the amplitude spectra of the red and the blue MACHO lightcurves which are to a large degree independent of each other. However, since both datasets were obtained in common observing conditions and at the same sampling points in time, they could potentially have a common spurious periodicity. Therefore, as a completely independent test, we have performed a Fourier analysis of the I lightcurves obtained from OGLE-II and OGLE-III observations.
One possible source of a spurious common signal in both the MACHO and OGLE data could be a nearby largeamplitude Cepheid. In order to eliminate this possibility, we have checked the online MACHO variable star catalog and the OGLE-II catalog of variable stars in the LMC (Zebrun et al. 2001) for any variable within 8 ′′ of the low amplitude Cepheids. In no case did we find a nearby Cepheid of similar period.
To summarize then, an object with marginal periodicity had to show a prominent Fourier peak in OGLE I as well as in MACHO red amplitude spectra and, in addition, it had to have a peak in MACHO blue at the same frequency. One final requirement was that the phase, as well as the period, of all three lightcurves was the same.
RESULTS
In Fig. 1 we prsent an example of the comparison of the M R and M B data of the MACHO star 77.7430.18 and I data of the corresponding OGLE star SC4 323401. The Fourier amplitude spectra of both the MACHO red and OGLE data show a very sharp peak near f o =0.30194 d −1 (3.3121 d). The MA-CHO blue data appear to be much noisier, and by themselves would be rejected as just noise, but there is a peak at the same frequency. Note that the second sharp peak in the Fourier spectra, located at 1 − f o , is the result of aliasing because of a large, but very sharp window peak at 1 d. The right panels show the data folded with the common period of 3.3121 d. This common period has been determined by concatenating the MACHO red and the OGLE I data and adjusting the zero-point of the OGLE data (on a yearly basis because of the sizeable yearly shifts in the OGLE data.) A comparison of the three panels shows that the three datasets are in phase and that the variability is real. This is further confirmed by least-squares fitting of single frequency sinusoids to the data: the fits are displayed as solid lines. Thus, in all respects, this star appears as a very clear case of an ultra low amplitude (ULA) Cepheid. Fig. 2 gives a second example of the comparison of the M R and M B data of the MACHO star 77.7428.36 and of the corresponding OGLE star SC4 296029. The Fourier amplitude spectra of both the MACHO red and OGLE I data show a common, relatively sharp peak at f o =0.4495 d −1 (2.224 d). The MACHO blue amplitude spectra appear noisier, although the common peak is the second largest in the blue spectrum. The diagrams on the right show the folded lightcurves together with the single frequency (sinusoidal) fit. Note that each of the three datasets on its own merit would be considered extremely marginal, but the occurrence of a common peak in all three, and the phase correlation between the oscillatory parts provides strong evidence that the periodic variability is real.
Following the above procedures we have identified the Cepheids in MACHO Field 77. Our 10 lowest amplitude Cepheids are displayed in the Table. The identification of periodic variability is solid for all objects except 77.8032.23. For this object the peaks in MACHO red, blue and in OGLE coincide as do the red and blue MACHO phases. but the OGLE and MACHO phases are not as well correlated. However, that can be the result of the larger scatter in the OGLE data and the somewhat smaller amplitude.
In Fig. 3 we present our results in an amplitude histogram. Among the 144 variables that we have identified as Cepheids we find 14 that have (semi-) amplitudes < 0.05 mag, of which 7 have an amplitude < 0.006: we call the latter group of stars Fig. 4 exhibits the period-luminosity (PL) relation. The slanted line, which is approximately parallel to the fundamental mode blue edge, is defined by W = αLog P + W o , with α = -3.3, W o = -16.01, where W = R − 4 (B − R) is a reddening corrected magnitude. Fig. 5 gives the period-amplitude relation for all the Cepheids. The crosses represent the Cepheids that lie below the slanted line of Fig. 4 . Fig. 6 displays the amplitudes versus the horizontal distance (in the PL plane) D = Log P − (W − W o )/α to the slanted line that is drawn in Fig. 4 . The quantity D represents a relative distance from the approximate fundamental blue edge (e.g., Buchler, Kolláth & Beaulieu 2004) . Note that all except two of the ULA Cepheids fall preferentially on the right and left sides of the instability strip. On the grounds that a time related to pulsation, e.g., the amplitude growth time τ gr , is much shorter than the stellar evolution time τ evol , one might expect a star to always achieve its full limit cycle pulsation amplitude A LC , i.e., the amplitude that a standard hydrodynamics code would compute. If that were indeed the case then the detection of any Cepheids with very small amplitudes upon entering or exiting the IS would be very unlikely, because at the boundaries of the IS the limit cycle amplitude sets in, respectively decays, with a vertical slope (dA LC /dt = ∞; cf. Fig. 6 .) An amplitude histogram would therefore be expected to be devoid of small amplitude Cepheids.
However, we have identified a surprisingly large number (≈ 5%) of ULA Cepheids (< 0.006 mag). These stars seem to fall preferentially near the edges of the Cepheid instability strip in a P-L diagram. Actually, a recent theoretical development predicted the existence of such ULA Cepheids (Buchler & Kollàth 2002) , and provided the incentive for this search.
At the edges of the instability strip (IS) the amplitude growth rate of a star actually vanishes, so that τ gr can be much longer than τ evol in the immediate vicinity if the IS. As a consequence, as the star enters the IS, the amplitude does not immediately achieve its full pulsation amplitude. Rather it stays at a very low amplitude for a time of the order of √ τ evol × τ gr , but then rapidly grows to full amplitude. Therefore very few Cepheids should be detectable during that rapid amplitude growth, and one would expect to find a gap in the amplitude distribution between ULA Cepheids and the (usual) full limit cycle amplitudes. On their way out of the IS, for the same reason the amplitude should not decay to zero right at the edge of the IS, but the stars should linger in a state of small amplitude. This behavior is sketched in Fig. 6 , on the left for a star entering the IS, and on the right for a star leaving the IS. Stellar evolution calculations show that Cepheids cross the IS in both directions. ULA Cepheids should therefore be found in the vicinity of both the blue and the red edges of the IS. (Note that a similar behavior is predicted for RR Lyrae.)
The existence of ULA Cepheids in the vicinities of the blue and red edges is thus fully compatible with theoretical predictions. A more quantitative comparison of the Cepheid amplitude distribution should be made with the construction of a synthetic HR diagram that would combine stellar evolutionary tracks with the results of nonlinear hydrodynamic simulations along the lines of Szabó, .
A second theoretical development is the prediction of the self-excitation of surface modes in weakly nonadiabatic stars such as Cepheids and RR Lyrae, dubbed 'strange modes' by Buchler et al. (1997) because of their similarity to the strange modes found by Wood (1976) in high luminosity stars (see also Saio, Wheeler & Cox, 1984) . This brings us to a discussion of the two egregious stars, namely 77.6940.14 and 77.7548.11 (indicated by triangles in Figs. 4-5) .
First we have ascertained that they are not contaminated by nearby objects. But that still leaves the possibility of binarity or rotation. Using bolometric corrections and T eff from Bessell & Germany (1999) and a distance modulus 18.55, A v =0.18, we find for star 77.6940.14, L=2510 L ⊙ , M =5 M ⊙ , T eff =6200 K, R = 44R ⊙ , P=1.32 d, R orb =9 R ⊙ ; and for star 77.7548.11: L =6730 L ⊙ , M = 6.5 M ⊙ , T eff = 5400 K, R =94 R ⊙ , P = 6.03 d and R orb = 26 R ⊙ . The orbital radius that would be required of a (light) binary companion for each of these objects thus would have to be less than the stellar radius, which rules out binarity. Rotation can also be eliminated as an explanation because ω 2 R * ∼ GM/R
